Abstract -This paper proposes a technique for detecting and identifying internal winding fault of threephase two-winding transformer. A spectrum component obtained from DWT of differential current is analyzed. A ratio between per unit differential current and per unit time is calculated and performed as comparison indicator in order to discriminate between internal fault condition and external fault condition. Various cases based on Thailand electricity transmission and distribution systems are studied to verify the validity of the proposed algorithm. Results show that the proposed technique has good accuracy to detect fault and to identify its position in the considered system.
Introduction
To guarantee safety and stability of power grid operating, a precise protection scheme is required. In the literature for fault detection, several decision algorithms have been developed to be employed in the protective relay [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Most of them have different solutions and techniques. An application of a finite impulse response ANN (FIRANN) as differential protection for a three-phase power transformer is proposed in [1] . In [2] , the paper describes a new approach for transformer differential protection that ensures security for external faults, inrush, and over-excitation conditions and provides dependability for internal faults. A new relaying fuzzy logic algorithm to enhance the fault detection sensitivities of conventional techniques is proposed in [3] . The relaying algorithm consists of flux-differential current derivative curve, harmonic restraint, and percentage differential characteristic curve. In [4] , a new algorithm based on processing differential current harmonics is proposed for digital differential protection of power transformers. This algorithm has been developed by considering different behavior of second harmonic components of the differential currents under fault and inrush current conditions. In [5] , the paper describes a new approach for transformer differential protection that ensures security for external faults, inrush and over-excitation conditions and provides dependability for internal faults.
In [6] , a new algorithm based on processing differential current harmonics is proposed for digital differential protection of power transformers. This algorithm has been developed by considering different behaviors of second harmonic components of the differential currents under fault and inrush current conditions. In [7] , a novel analysis of the currents arising during a turn-to-turn fault in transformer in which a winding is delta-connected is done, so that data acquisition pre-and post-fault conditions may lead to a correct diagnosis. The approach given in this paper is based on the analysis of current sequences which appear in the fault state, and mainly in the nature of a zero sequence current (ZSC) in a delta winding, which is thoroughly discussed. In [8] , the paper addresses turn-to-turn faults in power transformer windings. A sensitive detection method for such faults is described. As a result, most research works are interested in only the effects from magnetizing inrush current and the discrimination between magnetizing inrush current and internal faults [1] [2] [3] [4] [5] [6] [7] [8] , and etc.
In addition, wavelet transform has been reported in the literature [9] . The idea of application of wavelet transform to fault diagnosis is not new, and there is a number of research papers related to this idea [9] [10] [11] [12] [13] [14] . The advantage of the wavelet transform is that the band of analysis can be fine adjusted so that high frequency components and low frequency components are detected precisely. Results from the wavelet transform are shown both in time domain and in frequency domain. In previous research works [12] , an analysis of the spectrum of the transient current signal is performed in order to determine whether the current is a fault or a magnetizing inrush current. The approximated signal of DWT is then employed in the algorithm for a decision unit in the protection scheme.
Therefore, this paper is interested in the decision algorithm for detecting and discriminating between internal fault and external fault for power transformer. A decision algorithm is based on wavelet transform as an alternative or improvement to the existing protective relaying functions. The construction of the decision algorithm is detailed and implemented with various case studies based on Thailand electricity transmission and distribution systems.
Wavelet Transform
A wavelet is a small-localized wave of a particular shape and finite duration that has an average value of zero. The wavelet transform is a tool that cuts up data or functions or operators into different frequency components, and then studies each component with a resolution matched to its scale [15] [16] [17] . The advantage of the transform is that the band of analysis can be fine adjusted so that high frequency components and low frequency components are detected precisely. Results from the wavelet transform are shown both in the time domain and the frequency domain. The wavelet transform can expand signals in terms of using a shift in time or translation as well as compression in time or dilation of a fixed wavelet function named as the mother wavelet [15] [16] [17] . The wavelet transform having a change in the analysis scaled by the factor of two is called discrete wavelet transform (DWT) as expressed in Equation 1.
where, 
Power System Simulation using EMTP
For a computational model of a two-winding three-phase transformer, which has primary and secondary windings in each phase, BCTRAN is a well-known subroutine on ATP/EMTP. To study internal faults of the transformer, Bastard et al [18] proposed modification of the BCTRAN subroutine. Normally, the BCTRAN uses a matrix of inductances with a size of 6x6 to represent a transformer, but with the internal fault conditions, the matrix is adjusted to be a size of 7x7 for winding to ground faults and of 8x8 for interturn faults.
The process for simulating internal faults based on the BCTRAN routine of EMTP, can be summarized as follows: [ ] 
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C hg = stray capacitance between the high voltage winding and ground C lg = stray capacitance between the low voltage winding and ground C hl = stray capacitance between the high voltage winding and the low voltage winding.
After transformer model had been modified, the ATP/EMTP program was employed to simulate the transients of fault signals, at a sampling rate of 200 kHz. A 50 MVA, 115/23 kV two-winding three-phase transformer was employed in simulations with all parameters and configuration provided by a manufacturer [20] [21] . The scheme under investigations is a part of Thailand electricity transmission and distribution system as depicted in Fig. 3 [21] [22] . To implement the transformer model, simulations were performed with various changes of system parameters as follows:
-The angles on phase A voltage waveform for the instants of fault inception were 0 o -330 o (each step is 30°).
-Two types for internal faults at the transformer windings (both primary and secondary), winding to ground faults, and interturn faults, were investigated. -For the winding to ground faults, the fault positions were designated on any phases of the transformer windings at the length of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90%. -For the interturn faults, the position of point a on the transformer winding, as shown in Fig. 1 , was varied at the length of 10%, 20%, 30%, 40%, 50%, 60%, 70% and 80%. -Fault resistance was 5 Ω. 
Decision Algorithm and Result
From the simulated signals, DWT is applied to the quarter cycle of current waveforms after the fault inception. In addition, fault signals generated by ATP/EMTP are employed to decompose high frequency components from the simulated current signals using mother wavelet daubechies4 (db4) [14, 17, 22] . Examples of the approximated signal of the extracted waveform using DWT for the differential currents from scale1 to scale 5 are illustrated in Fig. 4 to Fig. 6 .
In case of internal fault condition, the differential current waveforms obtained for winding to ground fault are shown in Fig. 4 whereas cases of interturn fault are shown in Fig. 5 . Fig. 6(a) illustrates an example of an extraction using DWT for the differential currents from scale1 to scale 5 for a case of external fault at high voltage side while case of external fault at low voltage side is shown in Fig. 6(b) . The similarity between the internal and the external fault signals waveforms as shown in Fig. 4 to Fig. 6 can be obviously seen so that the spectrum comparison technique of DWT is considered.
A ratio between per unit differential current and per unit time is calculated and performed as comparison indicator in order to discriminate between the internal fault condition and the external fault condition. The ratio is calculated as follow:
where, (Line A to Line B fault at 10% of length of the transmission line)
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A numerator of the ratio is the difference between the maximum differential current and the minimum differential current in terms of per unit with a base value selected at a transformer rated current. A denominator of the ratio is the difference between the time when occurs, with a base value selected at a quarter cycle of power frequency (in this case, power frequency = 50 Hz). The ratio is calculated for all three phases, and from the trial and error process, the index for the separation between the internal fault condition and the external fault condition is defined. The most appropriate algorithm for the decision algorithm from the case studies of the system under the investigations can be concluded as follows: The proportion of the spectral differential current signal, calculated between maximum and minimum value in a quarter cycle period of an analysis data, and the time deviation are shown in Fig. 7 and Fig. 8 . Results illustrated from Tables 1 to 3 are obtained from one case of each type of faults as shown in Fig. 4 to Fig. 6 . When all conditions as stated in the section 4 are applied, the total number of case studies is 628 for winding to ground faults, 2592 for interturn faults, and 360 for external faults. The accuracy of the proposed decision algorithm for all case studies is shown in Table 4 . 
Conclusion
A technique using discrete wavelet transform used to discriminate between internal fault condition and external fault condition has been proposed. Daubechies4 (db4) is employed as mother wavelet in order to decompose low frequency components from fault signals. A ratio between per unit differential current and per unit time is calculated and performed as comparison indicator. Various case studies have been done including the variation of fault inception angles and fault types. It is shown that the proposed technique can detect and indicate the internal and external faults with the accuracy higher than 83.33% as presented in Table 4 . In addition, the proposed technique uses data of the differential current with a time of a quarter cycle for the analysis, which is less than that employed in a conventional protection scheme.
